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A B S T R A C T
This paper presents a comprehensive study on the complex drill-exit temperature characteristics in the drilling of
unidirectional (UD) and multidirectional (MD) CFRPs using a state-of-art microscopy infrared imaging system.
For the ﬁrst time, temperature variation and distribution at drill exit have been revealed in full detail, associated
with the CFRP material properties and drilling conditions. Results suggest that the actual drill/CFRP interactions
have critical but similar eﬀects on the drill-exit temperatures for UD and MD CFRPs. Speciﬁcally, three distinct
cutting regions with varying temperature characteristics are evident when the main cutting edge is acting on the
drill exit material. In all cases, the temperature distribution features elliptical shape, of which the eccentricity
depends on the lay-up sequence and the drilling depth. In addition, the real-time temperature proﬁles and 2D/3D
maximum temperature distribution maps are created with high visualization. With the aid of those ﬁndings, the
relationships between drilling temperature maxima, their locations and drilling depths have been discovered and
temperature eﬀects on drill-exit damages have been elucidated for the ﬁrst time. MD CFRP is proven more
diﬃcult to achieve high drilling qualities at certain ﬁber cutting angles than UD CFRP due to the associated
temperature eﬀects. Such important knowledge enables the identiﬁcation of the heat aﬀected zones and sub-
sequently informs strategies for reducing the negative temperature eﬀects.
1. Introduction
Due to their superior speciﬁc strength/stiﬀness and excellent fatigue
resistance, carbon ﬁber reinforced polymer/plastic (CFRP) composites
are highly favorable in the manufacturing of lightweight components
with enhanced structural eﬃciency in the ﬁelds of aerospace, trans-
portation and energy, etc. The global market growth of CFRP is pre-
dicted to be $25.2 billion by 2020, and manufacturers are constantly
seeking solutions for cost eﬀective production of CFRP components
with repeatable high quality [1]. Although most CFRP components
could be fabricated in near net shape via prepreg lay-up and autoclave
processes, secondary machining processes such as drilling and trimming
are still necessary to achieve geometric and dimensional tolerances for
eﬀective joining and assembly. However, CFRP belongs to hard-to-
machine materials and is particularly sensitive to high temperatures.
The machining process of CFRP is typically performed in a dry condi-
tion, as traditional coolants usually interact with CFRP physically and/
or chemically, leading to undesirable machining errors and weakened
material bearing capacity [2–4]. Due to its low thermal conductivity
and low speciﬁc heat capacity, heat can easily accumulate in CFRP
cutting zone in the absence of coolant. Particularly, in traditional
drilling [3] as well as ultrasonic drilling of CFRP [5], the relatively
enclosed manufacturing environment with poor ventilation is inevitable
and will always lead to a rapid increase of the temperature, probably
exceeding the glass transition temperature (Tg) of CFRP (approximately
160–200 °C) [6–8]. As a result, the high temperature in CFRP ma-
chining would soften the resin matrix [3,9] and even results in thermal
degradation during a short aging period, compromising the CFRP me-
chanical properties [10–13]. In addition, the drill exit of a hole, sub-
jected to large deﬂection without back support and constraint, is the
most susceptible area to damages such as delamination, splintering and
burr. Unfortunately, the cutting temperature usually reaches the
maxima at the CFRP drill exit [4,7]. This further worsens the drill-exit
damages [14] and the serious drilling damages will also degrade the
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mechanical properties of the machined CFRP components [15,16].
Those direct and indirect negative eﬀects of high drilling temperatures
have brought great challenges to quality control. Given the existing
challenges, a thorough understanding of the CFRP drill-exit tempera-
ture characteristics and their eﬀects on drilling qualities is urgently
required. The in-depth knowledge will enable eﬀective evaluation and
optimization of the drilling process, inform the design and analysis of
composites and cutting tools, and advance the future CFRP manu-
facturing technology towards greater manufacturing eﬃciency and cost
reduction.
Due to its complex structure, the cutting temperature characteristics
of CFRP cannot be determined using existing protocols for metal cutting
[17–19]. The speciﬁc manufacturing processes of CFRP composites,
such as stacking prepregs or ﬁber bundles in designed sequences and
directions, have resulted in their anisotropic structures and properties.
More speciﬁcally, the reinforcing carbon ﬁber has a much better
thermal conductivity than the resin matrix, hence the heat accumula-
tion during cutting mostly occurs in the resin matrix. The thermal
conduction processes of the stacking layers are also vastly diﬀerent in
the longitudinal (along ﬁber) and transverse (cross ﬁber) directions
[20–22], and the temperature characteristic in the cutting of each layer
is pertinent to the ﬁber cutting angle [23,24]. In particular, for MD
CFRP that consists of multi-directional layers (e.g. 0°, 45° or 90° ﬁber
orientation in adjacent layers), the heat conduction mechanisms during
cutting operation are even more complicated [21,22].
To date, the investigations into the eﬀects of complex CFRP struc-
tures/properties on the drill-exit temperature characteristics and con-
sequently the hole qualities, are still in infancy. Diﬀerent approaches,
such as theoretical, simulation and experiment-based studies have been
attempted to acquire temperature characteristics in the drilling of
CFRP. Liu et al. [25] conducted leading work in building theoretical
models for predicting the cutting temperature in the helical milling of
unidirectional (UD) CFRP holes. However, the complex interactions
between layers with diﬀerent ﬁber orientations like multidirectional
(MD) CFRP and the actual drill/CFRP cutting interactions under large
deﬂections [26] are yet to be considered for a more accurate and uni-
versal model. On the other hand, Zhu et al. [27] and Sadek et al. [28]
demonstrated preliminary simulation results for the drilling-exit tem-
perature characteristics in the drilling of UD and MD CFRPs. The per-
centage of cutting energy (deﬁned as the heat partition ratio ﬂowing
into the workpiece) is critical for the accuracy of the simulation results
[29]. However, it is aﬀected instantaneously by the time-dependent
ﬁber cutting angle [30] and the distinct mode of material removal in-
duced by the serious deﬂection at drill exit [26]. As a result, the current
prediction on heat transfer has a large uncertainty and the results may
severely deviate from the drilling processes in practice.
The experiment-based approach is considered to be more reliable as
temperature characteristics in CFRP drilling can be revealed through
direct measurements in the targeted areas. Contact measurement
methods commonly include the use of thermocouples, optical ﬁber
sensors, etc. [18,19,31], whereas infrared thermography [32,33] has
been explored for non-contact measurement of temperatures with the
infrared camera. In the drilling of CFRP, researchers have employed
embedded thermal sensors on the ﬂank faces of drills to monitor the
temperature with varying processing parameters [3,6,34,35]. Due to
the unique thermal properties of tool material and CFRP, and diﬀerent
heat distributions in tool, workpiece and chips, the measured tem-
perature can only represent the average temperature within a wide
zone rather than the speciﬁc temperature of the machined surface. In
other cases, thermocouples were embedded both inside and outside the
hole periphery for temperature detection at the tool-workpiece inter-
face, or placed outside the hole to capture the temperature character-
istics of the overall CFRP drilling process [7,9,14,24,36]. However, as
the sensor's position is much restricted spatially by the experiment
layout, it is diﬃcult to obtain suﬃcient and accurate temperature data
to reveal the comprehensive temperature characteristics at drill exit. In
comparison, infrared thermography is capable of acquiring complete
temperature data within a large detection area, which enables oﬄine
data processing/analysis [19]. The reliability of such technology has
been veriﬁed in several studies with simultaneous thermocouple mea-
surements during the CFRP machining processes [31,36,37].
Furthermore, the studies on the CFRP drilling temperature with the
infrared camera have mostly focused on the general temperature dis-
tributions at the drill exit [27,28,38] and drill entrance [39], as well as
the basic temperature changing regularities along with drilling para-
meters [40] and the hole radius [36]. Recently, drilling delamination
has been associated with thermal eﬀects [41]. These studies have
provided some useful and preliminary results for the drilling tempera-
ture investigations of CFRP. However, the studies suﬀer from low
spatial resolution (about several hundred micrometers per pixel) or
insuﬃcient frame frequency (below 100 Hz) of the thermal imaging
system, and thermal data lack post processing for further analyses.
These limitations make it impossible to capture/visualize many im-
portant ﬁne details of temperature characteristics which are associated
with the high-speed machining process, actual drill/CFRP cutting in-
teraction, ﬁber cutting angle and lay-up sequence, etc. Consequently,
not in-depth conclusions have been drawn and some even remain
controversial, e.g., the average temperatures of the entire drilling area
have been used for analyses, however, the temperature origins from
uncut materials, cutting tool or chips have not been justiﬁed. Therefore,
the drill-exit temperature characteristics in the drilling of CFRP and the
associated eﬀects on drilling qualities are yet to be revealed.
This paper presents a comprehensive experimental study on the
complex temperature characteristics at drill exit in the drilling of UD
and MD CFRPs based on infrared thermography. A high resolution
microscopic infrared imaging system has been deployed to capture the
dynamic drilling process under a high frame frequency. For the ﬁrst
time, temperature variation and distribution at drill exit are revealed in
full detail and the results are associated with the CFRP material prop-
erties and drilling conditions (e.g. drilling depths, cutting interactions
and ﬁber cutting angles). Furthermore, with high visualized tempera-
ture characteristics, relationships between drilling temperature
maxima, their locations and drilling depths have been established to
help identify the potential heat aﬀected zones. Finally, the impact of
adjacent layers of UD and MD CFRPs on the resulting temperature
characteristics has been studied, and their subsequent eﬀects on the
drill-exit qualities have been elucidated. The methodology proposed in
this paper can be widely applied in the investigation of machining
temperature characteristics of many other material systems.
2. Methods
2.1. Temperature measurement methodology
Temperature characteristics during the dynamic drilling process
were captured using a Telops-MW infrared camera with a Stirling
Cooling system to achieve low-noise thermal images under a high frame
frequency. A calibrated lens extender was used to optically enlarge the
area of observation and enable the microscale analysis. A special CaF2
cover (transmittance 93% for the infrared radiation) was installed to
protect the infrared lens. The thermal imaging system has been cali-
brated by blackbody free calibration technique [42] to minimize the
eﬀects of the ambient environment, and its error is within 1% between
−15 °C and 324 °C. Note that the true accuracy of the thermal imaging
system can be aﬀected by numerous factors [32] and can vary with
diﬀerent materials used in tests. To address this issue, CFRP tempera-
tures were controlled in a thermostatic chamber, and the parameters of
the thermal imaging system were adjusted against the results obtained
from a high precision K-type thermocouple (Omega GG-K-36, error
0.75%) under the same drilling condition. The detail parameters are
listed in Table 1. Results for the employed CFRP indicate that tem-
peratures measured by this thermal imaging system were within±5%
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deviation of the thermocouple data. Unfortunately, the temperature of
the tool cutting edge cannot be measured accurately, as it is aﬀected by
the strong reﬂections at the smooth surfaces (e.g. rake face, ﬂank face
etc.) [32]. Meanwhile, due to the complex structure of the cutting edge,
this cannot be rectiﬁed by adjusting the infrared camera parameters.
Therefore, this study has been focused on capturing temperature data of
CFRP during the drilling process, and the recorded data have been
processed for further analyses.
2.2. Drilling experiment setup
Lateral drillings were adopted for the direct observation of the drill
exit through the infrared camera. Fig. 1 shows the experimental layout.
Drilling experiments were carried out in a vertical CNC machining
center. A 90° angle head (1) was installed on the spindle, which enabled
the drill (2) mounted on the angle head to feed along the X axis in the
coordinate system of the machine center. A small point angle twist drill
(2) made of K44UF tungsten carbide was employed and its geometric
parameters have been listed in Table 2. The selected drilling parameters
are 3000 rpm spindle speed, 150mm/min forward and 500mm/min
backward feed rate. In order to achieve stable temperature data, three
holes were drilled on each of the UD and MD CFRP workpieces and the
thermal images of the third holes were used for further analyses. All
experiments were conducted in dry condition and a dust collector was
placed at an appropriate distance to collect only the dust but not the
cutting chips. A series of Kistler 9257 B force dynamometer (5), 5080
ampliﬁer, 5697 A data acquisition and force record terminal were em-
ployed to measure the cutting force data during the drilling. Original
signals of cutting forces were acquired at a sampling frequency of 6 kHz
and were processed with a 10 Hz low pass ﬁlter. The dynamometer was
ﬁxed on the worktable using a T-shape ﬁxture (4), and the CFRP
workpiece (3) was inserted in the groove of the ﬁxture and clamped
from the drill-entrance side. In addition, the drill is allowed to go
through a 16mm pre-drilled hole on the drill-exit side of the ﬁxture
each time to ensure the support stiﬀness for each drilling hole is con-
sistent. The infrared camera (6) was placed horizontally at the drill-exit
side for temperature measurement.
UD and MD CFRP workpieces employed in this work were made
from P2352 prepregs with T800S reinforced ﬁber and 3900-2 B epoxy
resin, cured under high temperature and pressure conditions under the
manufacturer's speciﬁcation. The UD CFRP workpiece is 3.1mm in
thickness and consists of 16-layer prepregs in a single orientation. The
MD workpiece is 4.3mm in thickness with 22 layers stacked in diﬀerent
ﬁber orientations following the sequence [(-45/0/45/90)2/0/0/0]s.
The mechanical properties of UD CFRP composite are summarized in
Table 3. The glass transition temperature of the CFRP is about 165C°
under dry condition. The ratio of heat conductivities of the material in
0°, 45° and 90° is about 6.7: 4.5: 1 [20]. The ﬁber cutting angle θ is
deﬁned in Fig. 2 based on the view from the drill-exit side.
3. Results and discussion
Fig. 3 illustrates the thrust force variation as a function of the
drilling depth and the corresponding frame of the thermal image. The
drill-exit surface is deﬁned as the reference plane, and the drilling depth
is deﬁned as the distance between the chisel edge and the reference
plane. The drilling depth is negative before the drill reaches the drill-
exit surface. Five representative positions have been analyzed in detail
during the drilling process: Position One (P-I), when the drill chisel
edge just reaches the reference plane; Position Two (P-II), when half of
the main cutting edge passes the reference plane; Position Three (P-III),
when the entire main cutting edge just passes the reference plane;
Table 1
Parameters of thermal imaging system deployed in this study.
Parameter Temperature range (°C) Spectral range (μm) Image format (pixel) Spatial resolution (μm/pixel) Image frequency (Hz) Emissivity
Value −15 to 324 3.8 to 4.9 256×256 43 300 1
Fig. 1. Experimental layout (1. 90° angle head, 2. small point angle twist drill, 3. CFRP workpiece, 4. ﬁxture, 5. force dynamometer, 6. infrared camera).
Table 2
Geometrical parameters of the twist drill.
Diameter
(mm)
Point
angle
(°)
Helix
angle
(°)
Rake
angle
(°)
Relief
angle
(°)
Length of main
cutting edge in
axial direction
of drill (mm)
Length of
chisel
edge
(mm)
8 90 34 15 20 3.63 0.4
Table 3
Mechanical properties of UD CFRP.
Longitudinal
tensile strength
(MPa)
Transverse
compressive
strength (MPa)
Longitudinal
Young's
modulus (GPa)
Transverse
Young's
modulus
(GPa)
Poisson's
ration
2842 165.6 160 8.97 0.28
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Position Four (P-IV), when the minor cutting edge passes the reference
plane by 1mm; and Position Five (P-V), when the minor cutting edge
passes the reference plane by 3mm. Thermal images and the corre-
sponding grey images for the above ﬁve positions are listed in Table 4.
The dash line represents the calculated real-time diameter of the hole at
drill exit (RTD). Drill-exit temperature characteristics of the entire
drilling processes have been further investigated through thermal data
analyses.
3.1. Temperature characteristics at diﬀerent drilling depths and the
associated drill/CFRP cutting interaction characteristics
3.1.1. Temperature characteristics close to P-I
At P-I, the drill-exit temperature peaked in the hole center and
gradually decreased outward, as shown in Table 4 (I). The cutting edge
of the drill was not visible in the grey images. This is due to the cov-
erage of the drill-exit material which has been pushed outward and
undergone deﬂection without being penetrated as described in Ref.
[26]. The temperature rise at drill exit can be mainly attributed to the
heat transferred from the drill and the machined materials. The tem-
perature variations at the drill-exit center can be found in Fig. 4. The
temperature was measured from the drill-exit material before it peaked
in Fig. 4. It can be seen that the temperatures only start to increase
when the chisel edge was about −0.5mm away from the reference
plane. The peak temperature at P-I was about 58.2 °C for UD CFRP and
54.3 °C for MD CFRP. Fig. 3 shows that the thrust force for MD CFRP
peaked before the drill reached the reference plane, whereas the thrust
force for UD CFRP peaked just after the drill passed the reference plane.
This suggested that a stronger constraint was present at the drill-exit in
UD CFRP, and as a result, the drill-exit materials were harder to rup-
ture, generating slightly greater cutting heat and higher temperature
during drilling. As drilling progressed, the temperatures kept in-
creasing, peaked 105.4 °C in UD CFRP when the chisel edge was about
0.25mm beyond the reference plane. For MD CFRP, a higher peak
temperature (122.5 °C) took place at the similar location, which may be
due to the diﬀerent thickness. Although up to this stage, the tempera-
ture maxima was below Tg of the CFRP, it may still lower the strength of
the composites in the thickness direction [43,44] which could aﬀect the
drilling qualities. As such, it is believed that the existing mathematic
models in CFRP machining (e.g., the popular critical thrust force
models [3]) could be further reﬁned for better damage prediction and
control if the temperature characteristics derived from this study can be
taken into account. The temperature began to ﬂuctuate after passing its
peak (see Fig. 4). During that period, the temperatures were measured
mostly from the drill bit, even though the temperatures of the un-
removed materials and the chips at the center of the hole were also
likely to be captured.
3.1.2. Temperature characteristics from P-I to P-III
After the chisel edge penetrated the workpiece, most of the drill-exit
materials were ruptured along the transverse direction of the outermost
layer. The drill-exit materials were cut directly by the main cutting
edges resulting in a rapid temperature rise as shown in Table 4(II and
III). The highest temperatures in the drilling of UD and MD CFRPs at P-
Fig. 2. Deﬁnition of ﬁber cutting angle from drill-exit side in the drilling of UD and MD CFRPs.
Fig. 3. Thrust force variations (a) thrust force at diﬀerent drilling depths, (b) schematic diagram of the corresponding drilling positions.
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II were above 160 °C, close to Tg of the CFRP. As the hole was being
enlarged during drilling, the cutting velocity at RTD increased, leading
to more cutting heat that further increased the cutting temperature (up
to 210 °C from P-II to P-III). One interesting feature was that in the
drilling of UD and MD CFRPs, the high temperature regions both lo-
cated at θ ∼0°. This is contradictory to previous reports that the peak
temperature was located at θ ∼90° [23,24]. The diﬀerence could be
attributed to that the temperature characteristics were dependent on
the measurement method as well as the actual drill/CFRP cutting
interactions. In the previous studies [7,9,14,24,36], researchers de-
ployed the thermocouple to measure the temperature from inside of a
workpiece. However, as compared to the bulk inner materials, the
materials at the drill-exit surface suﬀered from more severe deﬂections/
damages due to the lack of constraint, therefore diﬀerent temperature
characteristics can be expected. It is believed that the approach pro-
posed in this study is more appropriate for monitoring practical drilling,
hence oﬀering a more accurate representation of the temperature
characteristics in situ and in real time.
Table 4
Gray and thermal images in diﬀerent drilling depths (same magniﬁcation/scale bar apply to all images).
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The actual drill/CFRP cutting interactions at drill-exit have been
analyzed in detail to further elucidate the evolution of the temperature
diﬀerence. The typical cutting processes of UD CFRP have been cap-
tured within a half-cycle rotation period and three representative
continuous grey images (interval= 0.003 s) are shown in Fig. 5. In
Fig. 5(a), the main cutting edge was cutting the materials on the RTD at
θ∼ 10°. It can be seen that the materials adjacent to the RTD remained
connected and were not ruptured into two parts, as compared to the
center materials ruptured from the middle, and hence, the materials
adjacent to the RTD were expected to be pushed outwards while being
cut. As the main cutting edges advanced to the area at θ ∼130°, as
illustrated in Fig. 5(b), most of the cutting edges were clearly visible on
the RTD, indicating a clean cut of the materials. For the next frame, see
Fig. 5(c) θ∼ 70°, the drill-exit materials were hardly removed from the
root at the RTD and most of the cutting edges were covered by the
unremoved materials, although they were ruptured from the middle.
The severe unremoved materials were formed because that in the early
drilling period, large initial cracks were generated at drill exit θ ∼70°
[26] and such cracks will reduce the support of the materials leading to
ineﬀective cut. The cracks were also likely to propagate as the drilling
progressed, resulting in larger outward deﬂections. In addition, more
energy is required to remove the materials within that angle range [45]
and however, the occurrence of large material deﬂection makes it more
diﬃcult to attain suﬃcient cutting energy for material removal. The
combination of the above factors rendered the cutting action mostly
ineﬀective, leaving a large amount of unremoved materials attached to
the cutting edges, see in Fig. 5(c). Similar cutting processes have been
found in the drilling of MD CFRP and the details will not be repeated
here. With the aid of the in situ thermal images obtained for UD and MD
CFRPs, the drill-exit surface could be divided into 3 regions, namely,
unruptured region (A, approx.−30°< θ < 30°), unremoved region (B,
approx. 30°< θ < 120°) and clean-cut region (C, approx.
120°< θ < 150°), see Fig. 6.
The above mentioned cutting process continues until P-III was
reached, leading to diﬀerent drill-exit temperature characteristics, see
Table 4 (II and III), in each region of Fig. 6. Since the surface materials
in the unremoved region (B) were under large outward deﬂection, ex-
periencing neither severe friction nor eﬀective cutting, less heat was
generated, and meanwhile the heat of the inner machined materials
could be barely transferred to deﬂected drill-exit surface. All these
factors could contribute to the relatively low temperature in region (B),
see in Table 4 (II and III). On the other hand, materials in the un-
ruptured region (A) on the RTD also experienced outward deﬂection
and however, they remained connected, as shown in Fig. 5(a). There-
fore, a strong constraint can be expected in the unruptured region and
very minor material deﬂection would take place. The drill-exit mate-
rials in region (A) would experience eﬀective cutting from inside as-
sociated with severe friction, hence greater heat can be generated. In
addition, the drill-exit materials undergoing minor deﬂection was in
close contact with the inner machined materials and could experience
more eﬀective heat transfer from the inside. All these would lead to a
much greater heat accumulation and temperature rise (even beyond
Tg), see the unruptured region in Table 4 (II and III). As a result, it is no
longer appropriate to predict the temperature characteristics in prac-
tical CFRP drilling only based on the orthogonal cutting results [23] or
thermal couple measurement while drilling [24]. In terms of the clean-
cut region (C), less heat was accumulated on the drill-exit surface as
most materials were removed. Hence the temperature in region (C) was
Fig. 4. Temperature variations at the hole center when drill reaches drill-exit
area.
Fig. 5. Three continuous grey images under diﬀerent ﬁber cutting angles (UD CFRP, from P-I to P-III) (a) ∼10°, (b) ∼130°, (c) ∼70°.
Fig. 6. Partition of drill-exit area based on the actual drill/CFRP cutting in-
teractions (from P-I to P-III).
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relatively low, as shown in Table 4 (II and III).
The temperature variations of the inner materials in the present
study are in line with the previous literature [23,24], as the inner
materials experience less signiﬁcant deﬂection. The temperature of the
inner materials at θ ∼90° was generally higher, leading to a greater
reduction of the resin matrix stiﬀness [43] in that region. This would, in
turn, soften the adjacent outer layer, making a clean cut harder to
achieve, which could be further validated based on the diﬀerent drill-
exit features seen for UD and MD CFRPs. The areas around θ ∼135° in
both UD and MD CFRPs were supposed to be in the clean-cut regions.
However, the grey images in Table 4 (III) suggested otherwise, i.e.,
more unremoved materials in MD rather than in UD CFRP. For both UD
and MD CFRPs with outermost layer θ ∼135°, UD CFPR has all inner
layers in the same orientation, whereas for MD CFRP, the longitudinal
direction of each inner layer placed 45° clockwise against the next layer
outwards. The ﬁber cutting angle of the layer adjacent to the outermost
layer in MD CFRP will be θ ∼90°, an angle which would experience
higher temperature, rendering a less eﬀective cutting process and a
greater amount of unremoved materials at drill exit.
3.1.3. Temperature characteristics after P-III
As drilling progressed from P-III to P-IV and P-V, three distinct
temperature characteristics involving minor cutting edges have
emerged, as shown in Table 4 (IV and V).
(1) Most of the unremoved materials were gradually cut oﬀ from stage
P-III to P-IV (see grey images). According to Jia et al. [46], minor
cutting edge with the right helical angle was believed to perform
upward cutting during downward drilling process with the drill-exit
materials being supported from the inner materials of the hole. This
in theory facilitates the eﬀective cut of any unremoved materials.
However, drills are usually designed with a small helix angle for
reasons like chips evacuation, and such geometry would lead to a
strong peripheral cutting action, inducing severe Mode II or Mode
III cracks and exacerbating the drill-exit splintering [26,47].
(2) Since only unremoved materials were cut oﬀ by the minor cutting
edge, it would generate less cutting heat after P-III. In the drilling of
UD and MD CFRPs, the high temperature region following the end
of the rotating main cutting edge can be observed in thermal images
in Table 4 (IV and V). The high temperature region corresponded to
the contact area between the minor cutting edge and the drill-exit
surface, depending on the local drilling depth and tool geometry,
and the heat was predominantly generated by friction.
(3) In contrast to P-III, the high temperature regions of P-IV and P-V
have shifted to θ∼ 90° for UD CFRP, with the frictional heat
dominating over the cutting heat. There are mainly two factors
contributing to the temperature shift. (i) Materials at θ∼ 0° were
located in the unruptured region prior to P-III and were mostly
removed after P-III. This resulted in little accumulated heat in that
region. (ii) Fiber cutting angles have a diﬀerent inﬂuence on the
frictional heat and the cutting heat generated. Friction and the
frictional heat are closely related to the normal stress and the
frictional coeﬃcient between the minor cutting edge and the ma-
chined surface. The normal stress increases with increasing relative
height of the machined hole wall. In order to reveal the relationship
between frictional heat and ﬁber cutting angles, the machined hole
wall of MD CFRP has been analyzed.
The machined hole wall of MD CFRP has been divided into three
sections along its peripheral direction. Fig. 7(a) shows laser confocal
images (laser confocal microscopy VK-X1000, Keyence) of selected
positions (colored lines) on diﬀerent sections across layers under 0°,
45°, 90° and 135° ﬁber cutting angle. The average height of the selected
positions was measured along the color lines, and only the middle
section of the selected area was analyzed to rule out the inﬂuence of
unstable drilling generated at exit [10]. A lower height can be seen in
all three positions at θ ∼135° in Fig. 7(b), this was consistent with the
concave dent features commonly seen in this region [48]. The lower
height could be attributed to the severe subsurface damage at that angle
which has been fundamentally studied in Ref. [49]. As a result, mate-
rials in this region were not touching the cutting tool or being rubbed
under a small normal stress hence leading to little friction and frictional
heat. The relative heights for the three positions were similar for
0°< θ < 90°. However, since the frictional coeﬃcient is expected to
increase from 0° to 90° [50], a greater frictional heating and a higher
temperature should be expected for θ∼ 90°. This explains the shift of
the high temperature region to θ ∼90° in P-III to P-IV for UD CFRP
under friction dominated heating. However, no obvious temperature
shift has been found for drilling of MD CFRP, and this can be attributed
to the quasi-isotropic lay-up sequence of the composite, leading to a
more uniform heat distribution in all directions.
3.2. Temperature distributions
Table 4 illustrates the drill-exit temperature distributions at ﬁve
diﬀerent locations in the drilling of UD and MD CFRPs. For both
composites, most temperature isotherms featured elliptical shapes, the
centers of which corresponded to the hole centers and the major and
minor axes corresponded to the longitudinal and the transverse direc-
tions of the outermost layer at drill exit respectively. In cutting of CFRP,
more cutting and frictional heat has been generated at θ ∼90° [23],
except for the outermost layer. The heat would conduct more quickly to
the remote area along the longitudinal direction due to its higher
thermal conductivity [51]. As a result, the temperature rise in the more
remote area was expected, resulting in the elliptical temperature iso-
therm.
In order to make a quantitative analysis, the temperature isotherms
of 40 °C and 50 °C in each thermal image have been selected to describe
the temperature distribution, as they suﬀered less from ﬁber deﬂec-
tions. The eccentricities of the temperature distribution ellipses were
calculated, and the results were shown in Fig. 8. The eccentricities in
UD CFRP were distinctively higher than those in MD CFRP. This could
again be explained by the diﬀerence in heat conduction in composites
with the diﬀerent lay-up sequences. In UD CFRP, the main heat transfer
was along the ﬁber direction throughout the material, therefore the
heat accumulation and the subsequent temperature rise in the remote
area at the exit surface also followed the same trend, i.e. a high-ec-
centricity ellipse. However, in MD CFRP the main heat transfer paths in
adjacent layers were 45° apart. Under such circumstances, the high
temperature region of one layer was in direct contact with the low
temperature region of the adjacent layer. This anisotropic structure
gradually compensated the anisotropic heat conduction as the drill
went through the material, and therefore a more circular temperature
isotherm was obtained.
On the other hand, the variations of the eccentricity at diﬀerent
drilling depths in Fig. 8 show diﬀerent trends for UD and MD CFRPs.
Speciﬁcally, the eccentricity in MD CFRP dropped rapidly from P-I to P-
V, with the shape of the temperature isotherm gradually approaching a
circle. In contrast, the eccentricity in UD CFRP only slightly declined
from P-I to P-III and increased from P-IV to P-V. The initial decrease of
the eccentricity in both composites may be because much heat has been
accumulated at θ ∼0°, close to the direction of the minor axis of the
ellipse. However, the steady state has been disrupted when the fric-
tional heating dominates after P-III, as explained in Section 3.1. Hence
with the drill-exit materials at θ ∼0° being removed, more frictional
heat has been generated on the drill-exit surface at θ ∼90°. This again
promoted the anisotropic heat transfer and increases the eccentricity of
the temperature distribution in UD CFRP.
3.3. Real-time temperature on the normal diameter
The temperature on the normal diameter of the hole at drill exit is
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key to determine the heat aﬀected zones in the drilling of CFRP. Those
temperature data were obtained through post processing a circle edge
with a radius of two pixels larger than the actual hole radius from the
thermal images. The real-time temperatures on the normal diameter in
the drilling of UD and MD CFRPs were visualized as shown in Fig. 9
with the temperature threshold for each position labeled. Before P-II,
half of the drill penetrated the exit, the temperatures on the normal
diameter were below 40 °C for both composites. When the drill reached
P-III, the high temperature region in UD CFRP changed from θ
∼90°–∼22.5°, see the direction of the white arrow in Fig. 9 (a) and the
temperature maxima approached about 126 °C. In contrast, almost no
change of high temperature region has been observed for MD CFRP
with temperature maxima only approaching about 102 °C at θ∼0°. The
ultimate maximum temperatures on the normal diameter (∼156 °C for
UD CFRP and ∼163 °C for MD CFRP), emerged in the similar angle
range and between P-III and P-IV. However, they were much lower than
the temperatures within the normal diameter measured during the
same period as shown in Table 4. The heat aﬀected zone in the drilling
of CFRP was deﬁned as the area where the temperature exceeds Tg [20].
However, the measured maximum temperature indicated that no heat
aﬀected zone has formed in this study, and the drilling qualities should
be barely aﬀected by high temperature. However, as a matter of fact,
the temperature characteristics measured by the thermal imaging
system were determined by the actual drill/CFRP cutting interactions as
described in Section 3.1. Justiﬁcation of the temperature eﬀects on
drilling qualities solely based on the measured temperature character-
istics is not suﬃcient. Therefore, further investigation on the actual
temperature eﬀects has been carried out in conjunction with the drill-
exit layer micro-topography analysis.
As it can be seen from Fig. 9, temperatures rose rapidly from P-II to
P-III. The average temperature increase rate, vT , in a particular ﬁber
cutting angle has been deﬁned as,
=
−v T T
tT
M I
(1)
where TM is the temperature measured at a particular point of time
during drilling, TI is the temperature measured at the start of drilling
and t is the time diﬀerence. vT for TM=40 °C and TM=70 °C were
calculated for the area from 0° to 180° ﬁber cutting angle, see Fig. 10.
As the drilling progressed, vT increased rapidly. For UD CFRP at 40 °C,
vT at θ∼90° was about 1.7 times greater than that at θ∼0°, and for UD
CFRP at 70 °C, 1.4 times greater. For MD CFRP, on the other hand, vT
experienced minor variation across the whole angle range. Within the
regions approx. 0°< θ < 45° and approx. 120°< θ < 180°, vT was
even higher than those with the same angles in UD CFRP.
3.4. Maximum temperatures at drill exit
The maximum temperature of every single pixel in all the thermal
images were obtained through high volume thermal data processing.
Three-dimensional (3D) distribution maps of the maximum tempera-
tures were created for the ﬁrst time, visualizing/describing the whole
drilling process of UD and MD CFRPs, see Fig. 12 (a) and (b), with the
temperature thresholds between each position labeled. Both 3D dis-
tribution maps could be divided into two parts according to the drilling
depth and the normal diameter of the hole: (i) before the main cutting
edges completely penetrated at P-III, and (ii) after P-III. For part (i),
cutting heat and frictional heat, etc. were concentrated within the
normal diameter and the temperature of most area within the normal
diameter reached the highest value, see in Fig. 11. From the 3D dis-
tribution maps, it was diﬃcult to determine whether the maximum
temperatures were from the machined workpiece, the drill or the chips.
For part (ii), Fig. 11 suggests that maximum temperatures of the area
Fig. 7. Machined hole wall features (a) optical images, (b) average heights of three positions.
Fig. 8. Variations of eccentricity at diﬀerent positions.
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outside the normal diameter were generally achieved. In this region,
most of the maximum temperatures were measured from the machined
workpiece as only a few chips were extracted from the exit through the
right-hand helix ﬂute of the drill. Therefore, in addition to the tem-
perature rise induced by the cutting action of main cutting edges, the
drill-exit temperatures outside the normal diameter increased again
under the cutting action of minor cutting edges. The secondary tem-
perature rise might potentially aﬀect the hole qualities and hence the
feeding distance should be carefully controlled to avoid a long cutting
period involving minor cutting edges in drilling of CFRP.
The 3D distribution maps in Fig. 11 were reconstructed into two-
dimensional planar (2D) planar distribution maps as shown in
Fig. 12(a) and (b), with the origin located at the hole center. The areas
with maximum temperatures greater than Tg, have been marked by
solid isotherm lines. It can be seen that such areas are located in the
region approx. −25°< θ < 25°, for both UD and MD CFRP. In con-
trast, maximum temperatures of the area outside the normal diameter
rarely exceeded Tg. As described in Section 2.2, the emissivity of the
thermal imaging system has been adjusted for CFRP temperature
measurement. As a result, the emissivity value was much greater than
what was required for drill materials, hence the temperature measured
Fig. 9. Real-time temperature on the normal diameter of the hole on the drill-exit surface (white text illustrates the temperature thresholds for each position) (a) UD
CFRP, (b) MD CFRP.
Fig. 10. Average temperature increasing rate approaching 40 °C and 70 °C.
Fig. 11. Three-dimensional distribution maps of maximum temperatures at drill-exit surface (blue text illustrates the temperature thresholds between each position)
(a) UD CFRP (b) MD CFRP. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the Web version of this article.)
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for the drill can be signiﬁcantly underestimated [52]. Meanwhile,
combining results from the drills and the workpieces from Table 4(III),
it can be concluded that the maximum temperature area in Fig. 12
(marked by solid isotherm line) is not from the drill. Additionally, the
measured temperature of chips (mostly in short strips) in Fig. 12 should
be lower than that of the materials being cut within the normal dia-
meter. Therefore, it is believed that the marked areas with the max-
imum temperature values above Tg were CFRP workpiece.
The highest drill-exit temperatures for UD and MD CFRPs were both
conﬁrmed to be∼231 °C during the whole drilling process even though
the material thicknesses were slightly diﬀerent. As shown in Fig. 12, the
highest temperatures did not appear on the normal diameter position
where the cutting speed reached the highest value, even though the
temperature of the cutting area would rise with the increasing cutting
speed [53,54]. Instead, they were located within the area ∼0.5 mm
inside the normal diameter. This has reﬂected the close relationship
between the temperature characteristic and drill/CFRP interactions: (i)
with the hole being enlarged, most materials have been removed, and
hence less heat was generated as compared to the earlier cutting period.
The heat transferred from the uncut materials to the drill-exit surface
would also reduce correspondingly. (ii) before the main cutting edge
completed its ﬁnal cutting action, only a few uncut materials remained
at the drill-exit surface which consequently were in a low stiﬀness
condition. In addition, the real-time temperature in the region next to
the normal diameter has already exceeded Tg. This could further lower
the stiﬀness of the uncut materials. Due to the decreased stiﬀness, the
materials on the normal diameter could not be cut eﬀectively and hence
less cutting heat was generated. As a result, the highest temperature on
the normal diameter was lower than that of the inside region. Given the
maximum temperature characteristics above, more eﬀective cooling
strategies can be proposed, for instance, the location of the cooling hole
on drills could be optimized to achieve a better control of the tem-
perature in the drilling of CFRP.
Furthermore, for the area outside the normal diameter, it was found
that the high temperature regions (> 130 °C) in the drilling of UD CFRP
were located within approx. 10°< θ < 115° (marked by dot isotherm
line). This region has extended to∼1mm outside the normal diameter,
as shown in Fig. 12(a), where severe debonding was clearly evidenced,
see Table 4. In comparison, the high temperature regions in the drilling
of MD CFRP were located within approx. −30°< θ < 30° and ex-
tended ∼0.5mm outside the normal diameter, see Fig. 12(b).
The above ﬁnding suggests that the technology of this paper could
be generalized and further utilized in investigating temperature char-
acteristics of other materials. Especially for composites like ceramic
matrix composite with similar material structure [55], high qualities of
the temperature features could probably be obtained under proper
measuring parameters and similar post-processing progress.
3.5. Temperature eﬀects on hole qualities
The high temperature induced by the drilling process is expected to
have an impact on the quality of the drilled holes. However, little in-
formation regarding drilling quality could be revealed only through the
thermal image analysis. Therefore, the microstructures on the hole
walls in proximity to the drill-exit surface have been further studied.
Fig. 13 shows the typical SEM images of the drill-exit hole wall within
approx. −30°< θ < 30°. Damages like burrs, debonding and ﬁber
pull-out were all located in the outermost layer of UD and MD CFRPs
and featured diﬀerently for speciﬁc ﬁber cutting angles. Based on the
observation, the damages in the drilling of MD CFRP were more severe.
Referring to the outermost layer at θ ∼30°, the width of the relative
smooth surface in MD CFRP (57.51 μm) was much smaller than that in
UD CFRP (101.57 μm). Meanwhile, at θ∼−30°, severe ﬁber pull-out
and debonding in MD CFRP were found as compared to UD CFRP. Due
to that the thrust forces induced by the drill bit at the end of the drilling
process were similar for UD and MD CFRPs according to Fig. 3, the
damage diﬀerences could be attributed to the unique force and/or
thermal interactions between the outermost and inner layers induced
by the distinct lay-up sequences of UD and MD CFRPs. The interlaminar
force between the outermost and inner layers needs a direct contact
medium to be transferred and aﬀect the outermost layer. However,
based on the observation in Fig. 13, the damages were only within the
outmost layer and did not expand to the inner layers. This suggests that
the interlaminar force did not cause strong interactions between the
outmost and inner layers and aﬀect the damage diﬀerences and hence,
the eﬀects of the interacting force between the outermost and inner
layers can be neglected. In contrast, the thermal interaction could aﬀect
the cutting without direct contact between the outermost and inner
layers due to the presence of temperature ﬁeld. Therefore, the tem-
perature eﬀects are predominant for the damage diﬀerences between
UD CFRP and MD CFRP. As shown in Fig. 12, the regions within approx.
−30°< θ < 30° slightly outside the normal diameter were under high
temperature for MD CFRP only, where a greater degree of damages in
MD CFRP were observed, verifying the temperature eﬀects on drilling
qualities.
Fig. 14 shows the drill-exit surfaces of UD and MD CFRPs captured
by the laser scanning confocal microscope (VK-X1000, Keyence) under
a deep-scan function. Results show that most drilling damages
Fig. 12. Two-dimensional planar distribution maps of maximum temperatures at drill-exit surface (a) UD CFRP, (b) MD CFRP.
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(including burrs and splintering) appeared in areas at similar ﬁber
cutting angles, even though the drill-exit temperature characteristics
were distinctly diﬀerent for UD and MD CFRPs. In both cases, most
burrs were found at θ ∼45°, and the ﬁbers at θ∼90° were more likely
to be torn. However, the splintering of MD CFRP occurred over a larger
area (up to θ∼ 144°), see Fig. 14(b), whereas for UD CFRP, the splin-
tering did not go beyond 122°, as shown in Fig. 14(a). The maximum
angles of splintering area for six holes (3 for each type of CFRP) have
been measured and listed in Table 5, and results suggested that MD
CFRP was more likely to experience splintering in the large angle area.
The microstructures of the drill-exit hole walls at θ∼135° (between
122° and 144°), see Fig. 15, have been studied to further elucidate the
damage mechanisms within the large angle region of UD and MD
Fig. 13. Microstructures of machined hole wall within region approx. −30°< θ < 30° at a representative drill exit (the area between the two red dash line is the
outermost layer at drill exit). (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the Web version of this article.)
Fig. 14. Drill-exit surface (a) UD CFRP, (b) MD CFRP.
Table 5
Maximum ﬁber cutting angles of splintering areas.
Hole Number 1 2 3
UD CFRP 114.44° 123.20° 121.47°
MD CFRP 144.04° 143.64° 144.59°
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CFRPs. Fig. 15(a) illustrated that the materials within the outermost
layer in the drilling of UD CFRP were cut oﬀ directly, leaving the typical
uneven surface [56] and few debonding damages. In contrast, many
ﬁber pull-out and debonding damages can be found in the outermost
layer in the drilling of MD CFRP within the same angle region, as shown
in Fig. 15(b). Similar to the damage analyses of Fig. 13 above, the
damages within the large angle region in Fig. 15 have been constrained
to the outermost layer, and the eﬀects of the interacting force between
the outermost and inner layers can be neglected. Then, the temperature
eﬀects were expected to play an important role for the damage diﬀer-
ences between UD CFRP and MD CFRP due to the presence of the
temperature ﬁeld. However, it was diﬃcult to be veriﬁed from the
thermal images as some serious debonding at θ ∼135° may aﬀect the
temperature comparison. Even so, the temperature eﬀects could still be
evaluated by the temperature variations with ﬁber cutting angles and
lay-up sequences. The inner layers adjacent to the outermost layer at θ
∼135° were at θ ∼135° for UD CFRP and at θ ∼90° for MD CFRP.
Similar to the discussions in Section 3.1, higher temperatures of the
inner layer were expected for θ ∼90°. This would lead to more severe
material softening and bonding strength reduction of the outermost
layer θ ∼135° in the drilling of MD CFRP. Consequently, a greater
amount of ﬁber pull-out and debonding damages were observed within
the large angle region of MD CFRP.
4. Conclusions
Temperature is a key factor in the drilling of CFRP and this paper
has thoroughly investigated drill-exit temperature characteristics in the
drilling of UD and MD CFRPs through the advanced infrared thermo-
graphy technology. The following conclusions have been reached:
1. The actual drill/CFRP cutting interactions in UD and MD CFRPs
have critical but similar eﬀects on the drill-exit temperatures. When
the chisel edge penetrates CFRP, temperature maxima occur at the
hole center but is relatively low as the chisel edge mainly pushes
CFRP without eﬀective cutting. As the main cutting edges start
cutting the drill exit materials, diﬀerent temperature characteristics
emerged in three distinct cutting regions. Unruptured region (ap-
prox. −30°< θ < 30°) features higher temperature, as the un-
ruptured materials work against deﬂection, which results in eﬀec-
tive cutting, heat transfer as well as severe friction, and hence much
heat is accumulated. Unremoved region (approx. 30°< θ < 120°)
features lower temperature because the materials are under large
deﬂection leading to ineﬀective cutting and heat transformation. For
clean-cut region (approx. 120°< θ < 150°), heat is barely
accumulated at drill exit as most materials are removed, resulting in
a lower temperature. When the minor cutting edges are acting on
drill exit, high temperature regions shift from approx. 0°–90° in UD
CFRP. This can be correlated to the varied machined hole wall
proﬁles and the associated frictional coeﬃcients.
2. The real-time temperature proﬁles and 2D/3D maximum tempera-
ture distribution maps are created with high visualization. Almost
all areas with temperatures beyond Tg are within the normal dia-
meter, and the peak temperatures in this region are found before the
drill exit materials being cut by minor cutting edges. For UD and MD
CFRPs respectively, the temperature maxima (up to 231 °C) in the
entire drilling process are neither located at the hole center
(105.4 °C and 122.5 °C) nor on the normal diameter (156 °C and
163 °C) but within the area∼0.5mm inside the normal diameter in
the region approx.−25°< θ < 25°. Besides, most areas outside the
normal diameter encounter a secondary temperature rise when the
minor cutting edges acting on the drill exit, which might potentially
aﬀect hole qualities.
3. Temperature distributions at the UD and MD CFRPs drill exits fea-
ture the elliptical shape. The eccentricity of the ellipse varies with
lay-up sequence and drilling depths. Eccentricities in MD CFRP are
much smaller and only show a declining trend. However, besides the
decreasing trend, eccentricities in UD CFRP change to increase
during minor cutting edges acting because the cutting interaction
changes promote the anisotropic heat transfer.
4. Temperature characteristics have strong eﬀects on the actual drill/
CFRP cutting interactions and the resulting drilling qualities. Due to
the temperature eﬀects, the damages observed in the drilling of MD
CFRP are more severe. The high temperature within region approx.
−30°< θ < 30° results in a reduction of the smooth surface at θ
∼30° and leads to more severe ﬁber pull-out and debonding at
θ∼−30° on the outermost layer. Splintering frequently occurs on
the outermost layer within large angles in MD CFRP (approx. from
122° to 144°), coinciding with the diﬀerent temperature eﬀects in-
duced by the distinct lay-up sequences of the workpieces.
5. This study has provided important ﬁndings, which can help reﬁne
the existing theoretical and simulation models in CFPR drilling. It
has also oﬀered new perspectives that could inform future strategies
in the optimization of the CFRP drilling process, as well as im-
provements of the material and cutting tool designs.
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